Rotationally resolved photoelectron spectroscopic study of the Jahn-Teller effect in allene The pulsed-field-ionization zero-kinetic-energy photoelectron spectra of allene ͑C 3 H 4 ͒ and perdeuterated allene have been recorded from the first adiabatic ionization energy up to 2200 cm −1 of internal energy in the cations at a resolution sufficient to observe the full rotational structure. The intensity distributions in the spectra are dominated by vibrational progressions in the torsional mode, which were analyzed in the realm of a two-dimensional model of the E ͑b 1 b 2 ͒ JahnTeller effect in the allene cation ͓C. Woywod and W. Domcke, Chem. Phys. 162, 349 ͑1992͔͒. Whereas the rotational structure of the transitions to the lowest torsional levels ͑0 0 and 4 1 ͒ are regular and can be qualitatively analyzed in terms of a simple orbital ionization model, the rotational structure of the spectra of the 4 2 and 4 3 levels are strongly perturbed. The photoelectron spectrum of C 3 H 4 also reveals several weak vibrational bands in the immediate vicinity of these levels that are indicative of ͑ro͒vibronic perturbations. A slight broadening of the transitions to the 4 1 levels compared to that of the vibronic ground state and the increase of the number of sharp features in the rotational structure of the spectrum of the 4 2 level point at the importance of large-amplitude motions not considered in previous treatments of the Jahn 
I. INTRODUCTION
Allene has been the object of much investigation for its relevance to astrochemistry [1] [2] [3] and to studies of photodissociation dynamics. [4] [5] [6] [7] [8] [9] Allene is also the smallest member of the cumulene family and one of the simplest representatives of the D 2d ͑M͒ molecular symmetry group. The X + 2 E electronic ground state of the cation exhibits the E ͑b 1 b 2 ͒ Jahn-Teller ͑JT͒ effect 10, 11 encountered only in molecules with one or more 4n-fold axes of symmetry: A strong distortion along the torsional mode 4 ͑b 1 symmetry͒ is revealed in the He I photoelectron spectrum by a long progression in that mode. [12] [13] [14] [15] [16] [17] Domcke and co-workers 18, 19 successfully analyzed the vibronic structure of the He I photoelectron spectra with the aid of JT coupling parameters calculated ab initio and a vibronic JT Hamiltonian. They determined the C=C=C asymmetric stretching mode 6 of b 2 symmetry to be the other main JT active mode.
The present work aimed at resolving the rotational structure in the photoelectron spectrum of allene and allene-d 4 with up to 2200 cm −1 of internal excitation of the cations and at obtaining previously unobserved details of its vibronic structure at low energies to characterize the E ͑b 1 b 2 ͒ JT effect in the allene cation. High-resolution pulsed-fieldionization zero-kinetic-energy ͑PFI-ZEKE͒ photoelectron spectroscopic experiments enabled a resolution of up to 0.15 cm −1 for single rovibronic transitions.
II. EXPERIMENTAL
Two different laser systems described in Refs. 20 and 21 have been employed in the study of the rovibronic structure of the photoelectron spectrum of allene: A broadly tunable vacuum-ultraviolet ͑vuv͒ laser system 20 with a bandwidth of 0.1 cm −1 was employed to obtain an overview of the PFI-ZEKE photoelectron spectrum over a range of nearly 2500 cm −1 with partial rotational resolution. A highresolution vuv laser system 21 with a Fourier-transformlimited bandwidth of 0.008 cm −1 was used to resolve the full rotational structure of selected bands of the photoelectron spectrum. The vuv radiation was generated by resonanceenhanced four-wave mixing ͑ vuv =2 1 − 2 ͒ using the ͑4p͒ 5 ͑ 2 P 3/2 ͒5p͓1 / 2͔͑J =0͒ ← ͑4p͒ 6 1 S 0 two-photon resonance in krypton at 2 1 = 94 092.862 cm −1 . 22, 23 The setup used in the four-wave mixing is described in Ref. 24 .
Allene-d 4 was synthesized according to the method of Morse and Leitch 25 by the reaction of hexachloropropene with deuterium oxide and zinc. The by-product propyne-d 4 was removed from the reaction product by Mayers reagent ͓mercury͑II͒ chloride-potassium iodide solution͔. The yield of allene-d 4 was 50% with a deuterium content of at least 96% and a purity of 94% with 2% propene-d 6 and 4% propyne-d 4 as the main impurities.
Mixtures of 500 mbar allene ͑allene-h 4 : Aldrich, purity 97%; allene-d 4 : as described above͒ in 5 bar Ar at a total stagnation pressure of about 2-3 bar were introduced into the chamber through a pulsed nozzle ͑General Valve͒ and cooled to a rotational temperature of Ϸ10 K in a supersonic jet expansion into the high vacuum. The molecular beam was skimmed and subsequently intersected the vuv laser beam at right angles in the photoionization region. was applied 3 s after photoexcitation to remove electrons formed by direct ionization and was immediately followed by an "extraction" pulse of Ϫ140 mV/cm. To achieve nearly fully rotationally resolved photoelectron spectra, the narrowbandwidth laser system 21 was used in combination with a multipulse electric field sequence 26, 27 delayed by 1.7 s relative to the time of photoexcitation and optimized to fieldionize narrow slices of the pseudocontinuum of high-n Rydberg states below each ionization threshold. A discrimination pulse of +172 mV/ cm was applied for 1 s, followed immediately by stepwise increasing extraction pulses of Ϫ86, Ϫ129, Ϫ172, Ϫ215, Ϫ259, Ϫ302, and Ϫ345 mV/cm, each step being 300 ns long. Electrons field ionized by each of the extraction pulses were monitored according to their different extraction times and therefore different arrival times on a microchannel plate detector. The best compromise between high resolution and signal-to-noise ratio was achieved by monitoring the electrons extracted by the pulse of Ϫ172 mV/cm, resulting in a full width at half maximum ͑FWHM͒ of 0.15 cm −1 for lines corresponding to a single transition. A correction of +1.6͑2͒ cm −1 was introduced to account for the shifts of the rovibronic ionization thresholds induced by the Ϫ172 mV/cm step of the electric field pulse sequence.
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III. THE VIBRONIC STRUCTURE IN THE PFI-ZEKE PHOTOELECTRON SPECTRA OF C 3 H 4 AND C 3 D 4
Ground state neutral allene has a D 2d equilibrium geometry. The allene cation possesses a doubly degenerate 2 E ground state at the D 2d equilibrium geometry of the neutral and is thus subject to a JT distortion. The vibrational modes that can couple the two E components of the electronic state in first order must be of an irreducible representation that is contained in the direct product formed by the two E components of the electronic state:
thus rendering all nondegenerate vibrational degrees of freedom of allene JT active. There are no vibrational modes of a 2 symmetry and a 1 modes do not lead to distortions of the geometry of the cation away from the symmetric configuration so that the resulting JT effect is denoted E ͑b 1 b 2 ͒, the capital E representing the electronic symmetry label and the lower case letters b 1 and b 2 the symmetry labels of the JT active modes. The allene cation in its D 2d structure has three modes of b 2 symmetry and one of b 1 symmetry. The torsional mode 4 of b 1 symmetry and the C=C=C asymmetric stretching mode 6 of b 2 symmetry were identified as causing the greatest stabilization of the molecular cation of allene by ab initio calculations. 19 The two vibrational modes 4 and 6 are depicted schematically in Figs. 1͑a͒ and 1͑b͒ , respectively, where the inertial axis system and internal coordinates are also indicated. Quadratic and bilinear JT coupling parameters have not been determined to date, and we will limit the discussion here to the linear E ͑b 1 b 2 ͒ JT effect in allene. Restricting the treatment to only the two strongly JT active modes ͑ 4 and 6 ͒, the Hamiltonian matrix H for the electronic part of the E ͑b 1 b 2 ͒ JT problem is expressed in the diabatic basis of the two components of the electronic 2 E state as 19 
͑2͒
where 1 is the 2 2 unit matrix and T i represents the kinetic energy operator along the dimensionless normal coordinate q i . The position of the conical intersection above the neutral rovibronic ground state E 0 , the vibrational harmonic wave numbers i and the linear JT coupling parameters k i=4, 6 are expressed in units of cm −1 . The corresponding twodimensional potential energy surface of the allene cation is depicted schematically in Fig. 2 . The minima of the potential energy hypersurface V min,i along q 6 ͑q i 6 =0͒ and q 4 ͑q i 4 =0͒ of the lower adiabatic potential energy sheet lie
below the conical intersection at E 0 . Using the coupling constants and harmonic wave numbers determined from values initially estimated by ab initio calculations and subsequently fitted to an experimental He I spectrum 19 ͑tabulated in Table  I͒ , two minima along q 4 located 4140 cm −1 below the D 2d conical intersection are obtained from Eq. ͑3͒. At the minimum geometry the torsional angle is reduced ͑ = 46.6°͒ and both C = C bond lengths are equal. 19 The two saddle points along q 6 have C 2v symmetry and are located 1334 cm −1 below the conical intersection. The four CH bonds r CH are of equal length and the two H-C-H angles ␣ are equal ͑the internal coordinates of allene are defined in Fig. 1͒ . Unlike in the E e JT effect, typical for molecules with an odd-fold symmetry axis for which an isoenergetic circular path around the conical intersection results from linear JT coupling, 28, 29, 11 the minimum energy path around the conical intersection in the E ͑b 1 b 2 ͒ JT effect has two minima and two maxima ͑corresponding to the saddle points of C 2v geometry in 
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The geometry at the saddle points has been estimated to have a torsional angle = 90°, and C = C bond lengths of r CC Ϸ 1.34 Å and r CC Ј Ϸ 1.44 Å. 30 The overview PFI-ZEKE photoelectron spectra of the X + 2 E ← X 1 A 1 photoionizing transition of allene and allene-d 4 are displayed in panels ͑a͒ and ͑c͒ of Fig. 3 , respectively. The spectra exhibit a progression of regularly spaced bands of uniformly increasing intensity separated by Ϸ746 and Ϸ532 cm −1 , respectively. These progressions are interpreted as vibrational progressions in the torsional mode. 16 Each band of the progression is assigned to a torsional level of the cation in the usual notation 4 v 4 . 31 The central positions of the vibronic bands observed in the PFI-ZEKE photoelectron spectra of allene and allene-d 4 are summarized in Table  II . The gray vertical bars in Fig. 3 mark transitions that originate from small amounts of propene and propene-d 6 in the samples of allene and allene-d 4 , respectively. These impurity lines were identified in separate measurements of the PFI-ZEKE photoelectron spectra of propene and propene-d 6 , which are displayed in Figs. 3͑e͒ and 3͑f͒, respectively. Although these impurity lines have been observed in previous He I photoelectron spectroscopic studies, 16, 17 they have never been identified as such.
The vibrational progression in the PFI-ZEKE photoelectron spectra is a clear indication of the cation being distorted along the torsional mode 4 relative to the neutral ground state ͓see Fig. 1͑a͔͒ . Although the C=C=C asymmetric A contour diagram of the two-dimensional potential energy surface along q 4 and q 6 is also displayed. stretch 6 of b 2 symmetry represents a second strongly JT active mode, 19 the photoelectron spectrum does not reveal strong spectral features that could be attributed to this mode. Only the 6 1 asymmetric C=C=C stretching level is expected to be observable in the energy region above the adiabatic ionization threshold studied here because of the high value of the harmonic wave number ͑ 6 = 1911 cm −1 ͒. However, the distortion along 6 is less than along 4 and the intensity of the transition to the 6 1 level of the cation is not expected to be as strong as the transition to the fundamental of the torsion. This qualitative argument is confirmed by a more rigorous treatment of the JT effect ͑see Sec. V and Fig. 8 below, and Refs. 18 and 19͒.
The Franck-Condon factors can be estimated by considering the minimum energy structures of the neutral and cationic states and approximating the vibrational wave functions by harmonic oscillator wave functions in the corresponding potential energy wells. By virtue of symmetry, there is no tunneling between the potential energy wells of D 2 geometry through a structure with = 90°, even for vibrational levels located close to the conical intersection. In D 2 symmetry, all vibrational levels of the torsional mode transform as the totally symmetric representation a 1 , and a smooth intensity distribution is expected.
In panels ͑b͒ and ͑d͒ of Fig. 3 , the vibronic positions and intensity distributions calculated on the basis of the JT Hamiltonian of Eq. ͑2͒ are displayed as stick spectra. The panels also show synthetic spectra obtained after convolution with a Gaussian instrumental function with a FWHM of 20 
In first approximation, the stabilization energy of the JT problem does not depend on the deuteration of the system as it is a purely electronic property of the system, i.e., V min,i
Neglecting zero-point energy corrections, the following relationship between the linear JT coupling constants of the per-and undeuterated species can be obtained from Eq. ͑3͒:
The linear JT coupling constants and the harmonic wave numbers for C 3 D 4 + are summarized in the lower half of Table  I . To calculate the line positions in the photoelectron spectrum the vibronic wave functions ve were represented as products of the vibrational harmonic oscillator wave functions ͉v 6 , v 4 ͘ of the JT active modes with the degenerate components of the electronic wave function ͉⌳͘,
where ⌳ is the projection of the electronic angular momentum onto the principal axis ͑a-axis, see 
which approximates the Franck-Condon integrals between the vibronic ground state wave function of the neutral and the vibronic wave functions of the cation. The excellent agreement of the vibronic structure of the low-resolution PFI-ZEKE photoelectron spectrum of allene ͑see Fig. 3͒ with the vibronic structure calculated using the JT coupling parameters reported in Ref. 19 suggests that these parameters are adequate to describe the JT effect in allene at low resolution. The comparison also indicates that the lowest vibrational levels of the allene cation can be described adequately by assuming that the cation has a D 2 equilibrium structure and is not subject to tunneling between equivalent minima. The high-resolution PFI-ZEKE photoelectron spectra presented in Secs. IV and V, however, provide a more complete picture of the structure and dynamics of the allene cation.
IV. THE ROTATIONAL STRUCTURE OF THE 0 0 AND 4 1 BANDS
The PFI-ZEKE photoelectron spectra of the lowest two members of the torsional progression ͑X + 2 E͑0 0 ,4 1 ͒ ← X 1 A 1 ͒ were recorded at high resolution with the laser system described in Ref. 21 . The spectra of the origin ͑0 0 ͒ and the torsional fundamental Even in the case of a significant JT distortion along the torsional coordinate, the rotational energy level structures of the X + 2 E ͑0 0 and 4 1 ͒ levels of C 3 H 4 + are not expected to deviate strongly from those of a prolate symmetric top, the B + and C + constants being almost identical ͑Ӎ0.3 cm −1 ͒ for all torsional angles and much smaller than the A + rotational constant ͑Ӎ4.7 cm −1 ͒.
The symmetry selection rules for the X + ← X ionizing transition of allene are derived according to 32 
where ᐉ is the angular momentum quantum number of the outgoing photoelectron partial wave. ⌫ rve ͑⌫ rve + ͒ represents the irreducible representation of the rovibronic state of the neutral ͑cation͒ and ⌫ ‫ء‬ the dipole-moment representation. 34 In the D 2 ͑M͒ molecular symmetry group, Eq. ͑10͒ can be expressed in the notation ⌫ rve
which translates into ⌬K a = K a 
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The Jahn-Teller effect in the allene cation J. Chem. Phys. 130, 034308 ͑2009͒ partial wave because the D 2 ͑M͒ symmetry group does not contain any operations involving the inversion E ‫ء‬ , and the dipole moment representation is totally symmetric ͑A 1 ͒.
If the molecular cation is treated as being a prolate symmetric-top molecule of D 2d symmetry the rovibronic selection rules ͓Eq. ͑10͔͒ can be expressed as
for ᐉ = even, and
for ᐉ = odd, which translates into ⌬K = K + − KЉ = odd for both even and odd photoelectron partial waves for the transitions
The selection rules in Eqs. ͑12͒ and ͑13͒ are of course compatible with those derived in Eq. ͑11͒ and differ only by the additional specification of the change in K c . The fact that the selection rules derived in the D 2d ͑M͒ molecular symmetry group are also insensitive to the parity of the partial wave of the outgoing electron results from the fact that the vibronic energy levels of the cation are doubly degenerate ͑⌫ ve = E͒.
As expected for a prolate ͑near-prolate͒ symmetric-top molecule, the intensity distributions in the spectra displayed in Figs The analysis of the line positions of the photoelectron spectrum was carried out using the accurately known molecular constants for the neutral ground state. 35 Using either a rigid-rotor asymmetric-top Hamiltonian or a prolate symmetric-top Hamiltonian for the cationic state yielded equally satisfactory results. We present here the results obtained using the asymmetric-top Hamiltonian because the analysis of the vibronic structure presented in Sec. III clearly revealed the distortion of the cation along the torsional coordinate. Not surprisingly this analysis led to B + and C + rotational constants for the cationic states that are equal within the statistical uncertainties. The adiabatic ionization energy of C 3 H 4 , the fundamental torsional wave number and the rotational constants of C 3 H 4 + derived in a least-squares fitting procedure are summarized in Table III , which also contains molecular constants for C 3 D 4 + determined from the lowresolution spectrum displayed in Fig. 3͑c͒ . The experimental and calculated transition wave numbers of the origin band of the PFI-ZEKE photoelectron spectrum of allene are compared in Table IV . In this form, Table IV helps to assess the resolution that would be needed to resolve the K c structure of specific lines. The assignments in Table IV can easily be converted into symmetric-top assignments by omitting the K c + label because torsionally distorted allene is a near-prolate top and the K a + quantum number is the good quantum number ͑K + ͒ in the limit of a symmetric top. The agreement between observed and calculated line positions is excellent, all deviations being less than 0.25 cm −1 ͑rms deviation of 0.07 cm −1 ͒. The orbital ionization model described in detail in Ref. 33 was used to calculate the rotational intensity distributions of the spectra. In the orbital ionization model, the angular momentum of the photon is assumed to be fully absorbed by the outgoing photoelectron, creating a hole of the same angular momentum composition as the molecular orbital out of which ionization occurs. The molecular orbital out of which ionization occurs in the X + ← X photoionization transition of allene is schematically drawn in Fig. 6 . This molecular orbital has only one nodal plane that contains the principal axis ͑a-axis͒ and the center of mass. Thus, the single-center expansion describing such a molecular orbital can only have contributions of atomiclike orbitals that conserve this nodal plane, i.e., atomiclike orbitals that have a quantum number Љ = Ϯ 1 for the projection of the angular momentum of the molecular orbital onto the principal axis ͑z = a-axis, see Fig.  6͒ , which is denoted with the subscript . For the simulations presented here which were carried out using Eq. ͑7͒ of Ref. 33 , only contributions to the single-center expansion of p and d angular momentum character have been taken into account with relative weights of 0.6 and 1.0, respectively, which implies the selection rules ͉⌬N͉ = ͉N + − NЉ͉ Յ 2 and ⌬K a = K a + − KЉ = Ϯ 1. The simulated spectra presented in Figs. 4 and 5 capture the main features of the experimental spectra and reproduce the relative intensities of the transitions almost quantitatively. A rotational temperature of 10 K was assumed in the simulations and only ground state levels with NЉ Յ 8 and KЉ Յ 2 contribute significantly to the spectrum. At this low rotational temperature, the centrifugal and higher-order rotational terms in the rotational Hamiltonian can be neglected at our experimental resolution.
A careful comparison of the spectra of the origin and the 4 1 bands reveals that the lines of the latter spectrum are slightly but unambiguously broader ͑FWHM= 0.2 cm −1 ͒ than those of the former ͑FWHM= 0.15 cm −1 ͒. The fact that the rotational lines appear broader in the 4 1 band than in the 0 0 band may be an indication of large-amplitude motions, which cannot be explained with the vibronic model presented in Sec. III, as will be discussed in Sec. V. Figure 7 compares the PFI-ZEKE photoelectron spectra of the 0 0 , 4 1 , 4 2 , and 4 3 bands of C 3 H 4 recorded with both laser systems. As discussed in Sec. IV, the rotational structures of the 0 0 and 4 1 bands are qualitatively very similar and are dominated by the three strong Q-type branches. The rotational structures of the 4 2 and 4 3 bands, however, do not exhibit this pattern and appear strongly perturbed.
V. THE ROTATIONAL STRUCTURE OF THE 4 2 AND 4 3 BANDS
In the rotational structure of the 4 2 band, the central three "Q-type-branch" features appear doubled with a separation of Ӎ1 cm −1 . By comparison to the assignment of the rotational structure analyzed for the 0 0 and 4 1 bands, the strong double peak at 79 600 cm −1 would then correspond to Q-type transitions of K a + =0← KЉ = 1 character. An a-type Coriolis interaction cannot shift levels of rotational quantum number K a = 0 so that two distinct vibrational states separated by 1 cm −1 may lie in this energy region. Beside the slight broadening of the transitions in the spectrum of the 4 1 level ͑see Sec. IV͒, the doubling of the Q-type transitions mentioned above is a second indication of a possible effect of large-amplitude motions. As stated in Sec. III, no such splittings result from the Hamiltonian of Eq. ͑2͒. Such a splitting may result from a tunneling motion through the D 2h barrier along the torsional coordinate at = 0°, as observed in C 2 H 4 + . 36 The extension of the treatment of the JT effect in C 3 H 4 + to include this tunneling motion would be desirable, and progress in this direction will be reported in a separate publication. Alternatively, the irregular rotational structure of the 4 2 and 4 3 levels may also indicate heterogeneous rovibronic perturbations along the a-axis of the system, such as a perturbation resulting from an a-type Coriolis interaction, or higher-order rovibrational perturbations.
In addition to the perturbations in the rotational structures of 4 2 and 4 3 bands of the PFI-ZEKE photoelectron The B + and C + rotational constants of the cation were assumed to be equal to those of the neutral molecule when fitting the A + constant of C 3 D 4 + .
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The Jahn-Teller effect in the allene cation J. Chem. Phys. 130, 034308 ͑2009͒ spectra of C 3 H 4 visible in Fig. 7 , seven less intense bands, labeled I-VII, are observed in their vicinity, as illustrated in more detail in Figs. 8͑a͒ and 8͑b͒. The positions of these vibronic bands relative to the adiabatic ionization threshold of allene are summarized in Table II . Surprisingly, no bands of comparable intensity near the strong bands belonging to the progression in the torsional mode are observed in the PFI-ZEKE photoelectron spectra of allene-d 4 ͑see Fig. 3͒ . The stick spectrum obtained from the vibronic calculations performed on the basis of Eq. ͑2͒ ͑see Sec. III͒ is also shown in Fig. 8 and only reveals two bands in each of the spectral regions. The linear JT effect as described in Sec. III can thus not be the reason for the large number of weak bands observed. Table V summarizes the vibrational states that could contribute to the PFI-ZEKE photoelectron spectrum of allene in the energy region from 1100 to 2000 cm −1 above the origin based on the harmonic wave numbers of neutral allene, which we assume are similar to those of C 3 H 4 + . Of the nine bands, the 11 4 and 3 1 +4 1 bands are unlikely because neither the 11 2 nor the 3 1 bands are observed in the spectra, although they both are totally symmetric and allowed by symmetry. A weak transition to the fundamental of the JT active mode 6 is expected from the vibronic calculations in the vicinity of band IV, 1543 cm −1 above the origin and the calculated intensity roughly matches the experimental observation.
All bands in the vicinity of the 4 2 band in Fig. 8͑a͒ reveal sharp rotational features, whereas sharp rotational structures are hardly present in the vicinity of the 4 3 band ͓see Fig. 8͑b͔͒ . The sharp features in bands I-IV can be interpreted as clusters of Q-type transitions as observed in the rotational structure of the origin band ͑0 0 ͒ and first fundamental torsional band ͑4 1 ͒. Band I has a rotational structure with two strong lines spaced by Ϸ9.2 cm −1 . Bands II and III ͓see inset of Fig. 8͑a͔͒ also show sharp rotational structures, with the two sharp peaks of band II being separated by Ϸ7.6 cm −1 , and those of band III by Ϸ11.3 cm −1 . A possible explanation of these wave number intervals between what we tentatively assign as Q-type branches in the rotational structure of bands II and III could be an a-type Coriolis coupling, which would reduce the spacing in the lower and increase it in the upper band. 31 The rotational structure of the 4 3 band is even more complex and perturbed than that of the 4 2 band and no regular spacing between Q-type-branch features can be discerned. The density of states is already high 2000 cm −1 above the origin with more than 18 vibrational levels expected in the vicinity ͑Ϯ150 cm −1 ͒ of the strong 4 3 band. A polyad of many interacting bands is the likely origin of the complicated rotational structures and of the observation of the bands I-VII in Fig. 8 . Band VII may correspond to the 4 1 6 1 combination band. However, the calculated intensity is 3 , clearly fail to account for the details of the ͑ro-͒vibronic structure and do not provide an explanation for the perturbed rotational structure and the weak satellite bands. Most current theoretical treatments of the vibronic structure of molecules undergoing the JT effect concentrate on a very limited number of strongly JT active modes. 29, 11 The present results point at a need to extend the theoretical treatment to include a more complete set of interactions such as Fermi interactions, Coriolis interactions, and interactions resulting from the bilinear coupling terms of the JT Hamiltonian which are often ignored. Obtaining such a set of parameters may necessitate extensive ab initio calculations.
VI. CONCLUSIONS
The present investigation of the JT effect in the X + 2 E ground state of the allene cation has enabled the derivation of the first adiabatic ionization energy of allene and the determination of a set of molecular constants: rotational constants describing the lowest two torsional levels and JT coupling constants describing the overall vibronic structure of the photoelectron spectra.
The high-resolution photoelectron spectra reveal complex spectral structures arising from perturbations not included in the standard treatment of the E ͑b 1 b 2 ͒ JT effect in Eq. ͑2͒, which neglects anharmonic and Coriolis interactions and bilinear JT couplings on the one hand and disregards the possibility of large-amplitude motion through planar structures on the other. In future, a complete treatment of the ͑ro-͒vibronic interactions ͑Coriolis interactions, bilinear JT coupling and higher-order vibrational interactions and large-amplitude motion through planar structures͒ in C 3 H 4 + and other molecules of similar complexity using ab initio quantum chemical calculations would be desirable.
